Abstract: Two new 3,5-dihetarylsubstituted 1,2,4-oxadiazoles 8 a,b, including N-alkyl substituted carbazole and thiophene moieties, were synthesized as potential components of materials for organic electronics devices. Optical and electrochemical properties of all new compounds were investigated. On the basis of the experimental UV absorption data, the values of bandgap energies equal to 3.44 eV (8a) and 3.05 eV (8b) were determined. The values of their ionization potentials, HOMO levels (−5.62 eV for 8a, −5.46 eV -for 8b), as well as their electron affinity levels, LUMO levels (−2.2 eV for 8a, −2.4 eV -for 8b), were calculated from the results of electrochemical studies. The energy of the triplet excited states of 8 a,b was defined with the help of time-dependent density functional theory (TD-DFT), comprising 2.68 eV (8a) and 2.32 eV (8b), where the greatest value of this parameter was for the compound with a shorter conjugation chain.
Introduction
The generation of powerful phosphorescent organic lightemitting diodes is considered to be one of the most promising trends in the progress of organic electronics [1, 2] . In theory, the internal quantum efficiency of such devices can amount to 100%, which is due to the fact that the phosphorescent emitters used in them are capable of harvesting triplet and singlet excitons simultaneously. Heavy transition metal complexes (Ir, Os, Pt) are typically employed as such emitters. They are generally dispersed in organic host materials, first of all with the aim to suppress unfavorable triplet-triplet annihilation (T 1 -T 1 ) [3, 4] . As has been pointed out [5] , the organic compounds used as host materials have to meet some basic requirements: (i) high triplet energy (T1) that prevents energy back-transfer from the guest to the host material; (ii) appropriate energy-level alignment with the materials in the hole/electron transport layers to ensure good charge injection; and (iii) high charge-carrier mobility for the efficient carrier recombination.
It has been affirmed that the solution to these problems lies in the usage of some form of bipolar organic molecules as a host material with these molecules including electron excessive and electron deficient fragments [6] . However, it should be noted that the combination in one and the same conjugated molecule donor and acceptor moieties results in the generation of an efficient intramolecular charge transfer (ICT), which in turn lowers the triplet excited state energy. Therefore, conventional bipolar host materials structure designs consist of the interruption of the conjugated π-systems in order to reduce the donor-acceptor interaction. The introduction of a 1,2,4-oxadiazole ring into the structure of a host material is one of the ways to reduce the donor-acceptor interaction between its structural units. In recent years, a considerable number of publications were related to the synthesis of 3,5-disubstituted 1,2,4-oxadiazoles incorporating two equal aromatic hetero-or carbocyclic substituents [7, 8] . It has been shown that the incorporation of two different fragments usually causes some essential changes in properties of the materials synthesized [9] .
Here we have presented the synthesis and investigation of thermal, optical and electrochemical properties of new substituted 1,2,4-oxadiazoles including N-alkyl carbazole and thiophene moieties. Carbazole is known as one of the few molecules possessing a high value of a triplet excited state energy and excellent hole-transporting properties [10] . At the same time, the incorporation of thiophene moieties enhances the glass-transition temperature [11] .
Results and discussion

Synthesis
9-Ethyl-9H-carbazole-3-carbaldehyde 2 and 5-(9-ethyl-9H-carbazol-3-yl) thiophene-2-carbaldehyde 5 were used as starting compounds in the synthesis of new bipolar systems including 1,2,4-oxadiazole ring. The first aldehyde (2) was prepared via Vilsmeier-Haack procedure [12] . The second one (5), which includes a more expanded conjugated system, was obtained with the help of the two-stage process [13] . The first step consisted in the interaction of a POCl 3 -DMF system with 3-acethyl-9-ethyl-9H-carbazole 3 to give a corresponding chloropropenal 4. Its further reaction with sodium sulfide in DMF media and a consequent treatment of a resulted intermediate, afforded in its turn 3-aryl-3-[(2-oxoethyl)sulfanyl]propenal. Its cyclization culminated in 5-(9-ethyl-9H-catbazol-3-yl)thiophene carbaldehyde 5 formation (Scheme 1).
Carbonitriles 6 a,b were obtained by oxidation of the corresponding aldehydes 2 and 5 with the help of iodine -aqueous ammonia (25%) system [14] . The structure of the prepared carbonitriles was tested as usual by means of IR, NMR, mass-spectroscopy and elemental analysis. The structure of carbonitrile 6b was additionally confirmed by XR-analysis. The 6b crystals for XRD experiments were prepared by a long-term evaporation of solvents from the 1:3 dichloromethane-hexane solution of 6b. Compound 6b crystallizes in a central symmetrical space group of monoclinic syngony (Fig. 1) . It has been shown that the molecule of this compound is not planar: a thiophene cycle is distorted at a slight angle towards the carbazole cycle that is inherent to the crystal structure of thienyl-substituted carbazoles [15, 16] . The dihedral angle between these two heterocycles is about 10.9°. A slight deviation from coplanarity and the length of a single C13-C15 bond equal to 1.463 (2) Å (the average value of C (sp2) -C (sp2) bond is usually about 1.47 Å) allows one to suppose that a conjugation between the thiophene and carbazole cycles takes place. In the crystal, the molecule of this compound form the centrosymmetric dimeric associates due to the existence of weak π-π interactions between the thiophene ring and two cycles -parts of a carbazole moiety (pyrrole one and a benzene fragment C9C10C11C12C13C14). The distance between centroids is about 3.71-3.72 Å.
The interaction of carbonitriles 6 a,b with a free hydroxylamine, isolated from its hydrochloride salt by nBuONa action [17] , resulted in the formation of oximes of amides 7 a,b. Subsequent reaction with thiophene-2-carbonyl chloride in the presence of pyridine at 0 ∘ was cyclized into a 1,2,4-oxadiazole cycle, resulting in the formation of the target compounds 8 a,b [18] (Scheme 2).
Optical properties
The optical properties of compounds 8 a, b were studied with the help of UV electronic absorption and fluorescence spectroscopy. Absorption and photoluminescence (PL) spectra were obtained for CH 2 Cl 2 solutions of the compounds. The measurement data are presented in Fig. 2 and Table 1 . The UV-Vis absorption spectra of oxadiazoles 8 a,b are characterized by the presence of three absorption maxima within them. In order to ascribe the absorption bands to the structural units of these molecules, we have recorded the absorption spectra of N-ethylcarbazole and 3.5-di(thiophene-2-yl)-1,2,4-oxadiazole. The latter might be considered as an analog of oxadiazole 8a, including thiophene moiety instead of N-ethylcarbazole one. The spectra were measured in the same conditions as those of 8 a,b. The superposition of the spectral data of these three compounds clearly demonstrated that 3.5-di(thiophene-2-yl)-1,2,4-oxadiazole has only one absorption band in its spectrum (λ abs max = 319 nm). The replacement of one thiophene group by a N-ethylcarbazole moiety (compound 8a) resulted in the generation of two more absorption maxima (λ abs max = 333, 351 nm) (Fig. 3) . The shape and position of its absorption bands follow the shape and position of the bands in the N-ethylcarbazol spectrum with the difference that the first maximum is slightly redshifted (Nethylcarbazole -299 nm; compound 8a -311 nm). In addition, there is a pronounced hyperchromic effect for the first absorption band, which was induced by the presence of an oxadiazole moiety. The lengthening of a conjugation chain in the compound 8b, achieved by the embedding of a thiophene moiety into its structure, provided the red shift of the absorption spectrum edge value resulting in the decrease of the bandgap width ( Table 1) .
The fluorescence quantum yield (Φ F ), which is the direct measure for the efficiency of the conversion of absorbed light into emitted light, was estimated only for compound 8a and was found to be 3.1%.
Redox properties
Electrochemical properties of compounds 8 a,b were investigated by cyclic voltammetry (CV). The measurements were carried out in a three-electrode cell for MeCN−CH 2 Cl 2 (9:1); solutions contained 0.1 M tetraethylammonium perchlorate as a supporting electrolyte. The data are presented in Fig. 4 and summarized in Table 2 .
There is only one reversible oxidation peak redox wave in the positive potential window of the oxadiazoles 8 a,b of CV curves: at 1.31 V for 8a and at 1.23 V for 8b. A single pronounced reversible redox wave was found for both compounds in the negative potential window.The reduction peaks are located at 0.91 V (8a) and 0.96 V (8b) and the reoxidation peak is located at 0.7 V (8a, b) (n-type doping). These peaks might be assigned to the redox process taking place in the oxadiazole unit [20] .
Comparison of the cyclic voltammograms obtained for the starting carbonitriles 6 a,b (6a: E (Table 2 ) including a thiophene cycle with a non-substituted α-position, allowed the conclusion to be made that the generation of peaks in CV curves [19] ). of the target compounds might be the result of some redox processes taking place in a carbazole moiety ( Table 2) . 
Theoretical calculations
All theoretical calculations were carried out on the DFT/B3LYP/6-311+G*(N, O, S),6-311G*(C, H) level using Fire Fly package [23] , which is partially based on the GAMESS (US) [24] source code. HOMO and LUMO energies were calculated for pre-optimized geometry of each molecule in its ground state (S0). The energies of the first excited state (T1) of both molecules were also calculated for their ground state geometries. According to the calculations the HOMO/LUMO values fall in the intervals -(5.40-5.70) eV (HOMO) and −(1.9-2.0) eV (LUMO). HOMO values correlate with the experimentally obtained data, whilst the values of LUMO level have a systematic deviation of about 0.3-0.4 eV ( Table 2) . As it is explained in [25] , "the virtual orbitals are generally more difficult to describe theoretically than the occupied orbitals. Compared with the HOMO results, the errors in the LUMO eigenvalues are significantly larger... The calculated LUMO energies are considerably larger than the experimental ones as a result of the poor description of [22] ;
b Calculated applying the density functional theory (B3LYP/6-311+G*(N, O, S),6-311G*(C, H)). virtual orbitals by time-independent quantum chemical methods". In our case the calculated LUMO energies differ as well from the values obtained on the base electrochemical measurements: 0.24 eV for compound 8a and −0.4 eV for compound 8b. At the same time, it is assumed that the most reasonable prediction of a HOMO-LUMO gap is made in the calculation of the vertical excitation energy S0-S1 [E(S0-S1) -the energy of the first singlet state, Table 2 ]. Such a way of a bandgap definition "has a more physical essence than that calculated directly from the energy difference between HOMO and LUMO eigenvalues" [25] . In this context, we have used TD-DFT to calculate the HOMO-LUMO gaps (Table 2) for 8a it appeared to be 3.33 eV (the measured value -3.44 eV) and for 8b to be 3.09 eV (3.05 eV). Fig. 5 shows that the electron density of the HOMO level is concentrated on the nitrogen atom of an N-alkyl carbazole fragment. In the case of the LUMO level, the electron density is concentrated on the oxadiazole and thiophene moieties. As it turns out, such distribution of electron density is especially important for obtaining high values of the triplet excited state energies [11] .
Quantum-chemical calculations have revealed that the compound 8a molecule, with a shorter conjugation chain than that of a compound 8b molecule, has a greater value triplet excited state energy (2.68 eV vs 2.32 eV) (Table 2). This result indicates the possibility to use this compound in creation of green phosphorescent light-emitting diodes [1] .
Conclusion
In summary, we have synthesized two new bipolar 1,2,4-oxadiazoles including N-alkylated carbazole and thiophene moieties in their chains of conjugation. One of these compounds has a more prolonged conjugation chain due to the presence of one additional thiophene ring within it. With an aim to determine their possible use as components of materials for organic electronics devices, the compounds were obtained and their UV-Vis absorption and fluorescence spectra analyzed. The fluorescence quantum yield was estimated for the oxadiazole 8a; its value is 3.1%. Based on the spectral and electrochemical measurements, which were carried out under cyclic voltammetry conditions, the energies of the frontier orbitals and bandgaps were obtained. The experimental values of the HOMO energy (−5.62 eV for 8a, −5.46 eV for 8b), were found to correlate with the values, obtained on the basis of theoretical calculations (−5.67 eV for 8a, −5.44 eV for 8b), whereas the theoretically obtained values of LUMO energies appeared to be somewhat higher (−1.94 eV for 8a, −2.01 eV for 8b) than the experimentally determined ones (−2.2 eV for 8a, −2.4 eV -for 8b). It was shown that the electron density of the HOMO level is concentrated on the nitrogen atom of an N-alkyl carbazole fragment; in the case of the LUMO level, the electron density is concentrated on the oxadiazole and thiophene moieties. As it turned out, such distribution of electron density is especially important for obtaining high values of the triplet excited state energies.
Experimental
Physical measurements and instrumentation. 1 NMR spectra (300.05 MHz) were measured on a Varian Mercury plus-300 spectrometer in CDCl 3 with hexamethyldisiloxane (0.055 ppm) as an internal standard. The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quadruplet) and m (multiplet). Signals of a carbazole moiety protons are denoted as Cz-H, signals of thiophene ring protons as Th-H. Mass spectra were recorded on an Agilent Technologies 6890N/5975B instrument (ionizing electrons energy 70 eV). The elemental analysis was carried out using a CHNS-932 LECO Corp analyzer. IR spectra were recorded on a Spectrum Two FTIR spectrometer (Perkin Elmer); samples were taken out either in a petroleum jelly or in chloroform solutions. UVVis absorption spectra were recorded in 10 mm cuvettes on a Shimadzu UV-2600 spectrophotometer for CH 2 Cl 2 solution of compounds. Fluorescence spectra were recorded on a Shimadzu RF-5301 PC spectrofluorophotometer under the following conditions: the excitation wavelength -220 nm, cuvette dimensions 10×10 mm, solvent -abs. CH 2 Cl 2 . The quantum yield of the compound 8a was determined relative to 2-aminopyridine (Φ F = 0,60 in 0.1 M H 2 SO 4 , emission range 315-480 nm, [26] ), using the comparative method [27, 28] ). The reaction course and purity of products were tested by thin-layer chromatography on Sorbfil plates and were visualized with UV light. The mixtures were separated and the target products were purified by column chromatography on silica gel (Lancaster, Silica Gel 60, 0.060-0.2 mm). Electrochemical measurements were carried out on a potentiostat/galvanostat (ZRA Interface 1000), using a threeelectrode cell with a carbon-pyroceramic electrode working electrode, a Pt wire counter electrode, and a Ag/Ag + reference electrode. The supporting electrolyte was 0.1 M Et 4 NClO 4 in the acetonitrile-dichloromethane (9:1). The potential scan rate was 50 mV/s. The single crystal X-ray analysis of compound 6b was performed on an Xcalibur Ruby diffractometer equipped with CCD detector, applying Mo X-ray source (MoKα 0.71073 Å), scanning at 295(2) K. The empirical absorption correction was introduced by multi-scan method using SCALE3 ABSPACK algorithm [29] .
The structure was solved by the SHELXS-97 software and refined by full-matrix least-squares on all F2 data using SHELXL-97 [30] in conjunction with the WinGX [31] graphical user interface. Hydrogen atoms were located from the Fourier synthesis of the electron density and refined using a riding model. -9H-carbazole (1), 9-ethyl-9H-carbazole-3-carbaldehyde (2), 3-acethyl-9-ethyl-9H-carbazole (3) were synthesized according to the procedure published by R. V. Syutkin et al. [32] . Compounds 4, 5 were synthesized according to procedures described in [13] . 3-Chloro-3-(9-ethyl-9H-carbazol-3-yl)prop-2-enal 4. POCl 3 (0.44 ml, 4.8mmol) was added dropwise to DMF (0.53 ml, 6.8mmol) at 0 ∘ C; the resultant mixture was then stirred for 10 min at the same temperature, and further 5 ml DMF solution of 3 (2 mmol) was added dropwise. After three hours of stirring at 60 ∘ C the reaction mixture was cooled down to room temperature and then treated with 10% sodium acetate water solution to adjust pH 4. The resultant precipitate was filtered off, washed with water, dried in air and used further without purification. (0.5 g, 1.8 mmol, 89%). 5-(9-Ethyl-9H-carbazol-3-yl)thiophene-2-carbaldehyde 5. 3-Aryl-3-chloroprop-2-enal 4 (1.8mmol) was added to a solution of Na 2 S 9 H 2 O (0.43 g, 1.8mmol) in DMF (15 ml) and the resulted mixture was then stirred for two hours at 60 o C. Afterwards chloroacetaldehyde (0.17 g, 2.4 mmol) was added and the reaction mixture was stirred at 60 ∘ C for 3 h more. Then 0.25 g (1.8 mmol) of K 2 CO 3 was added as a solution in 1 ml of water and the heating was continued for another 10 minutes at the same temperature, after which the reaction mixture was cooled down to room temperature and poured in water. The resulted precipitate was filtered off, dried in air and purified by column chromatography (silica gel, DCM) to give a target 5-arylthiophene-2-carbaldehyde 5 as a brown crystalline solid (0.47 g, General procedure for the synthesis of arylsubstituted carbonitriles (6a, 6b). 6 a-b were synthesized according to procedures outlined in literature [14] . Iodine (0.56 g, 2.2 mmol) was added to a mixture of carbaldehyde2 (5) (1.6mmol), tetrahydrofuran (2 ml) and 25% aqueous ammonia (2.2 ml). The resulted mixture was stirred for 12 h at room temperature, after which the mixture was quenched with aqueous solution of Na 2 S 2 O 3 . The layers were separated; the aqueous one was twice extracted with DC. The combined organic layers were dried over CaCl 2 and the solvent was evaporated. The residue (6a, b) was used further without purification. General procedure for the synthesis of arylsubstituted carboximidamide (7a, 7b).7 a-b were synthesized via procedures outlined in literature [18] . The freshly prepared hydroxylamine (0.2 g) [17] was added to a stirred solution of arylsubstituted carbonitrile 6a/6b (1.4 mmol) in ethanol (10 mL). A resulted mixture was heated to reflux for 2 h, then the solvent was evaporated, the residue was dissolved in ethyl acetate (100 mL) and washed with water (20 mL). The organic layer was separated and dried over anhydrous Na 2 SO 4 . Further filtration and removal of the organic solvent gave the desired products as brown solids, easily soluble in DMF, DMSO and in ethanol on heating.
Synthesis
9-Ethyl
The resulting compounds were used further without additional purification.
General procedure for the synthesis of 3,5-diarylsubstituted 1,2,4-oxadiazole (8a, 8b). 8 a-b were synthesized following procedures outlined in literature [18] . A cooled solution of carboximidamide 7a/7b (1.3 mmol) in toluene (10 mL) maintained at 0°C was stirred for 15 min then a mixture of pyridine (0.11 mL, 1.32mmol) and 2-thiophenecarbonyl chloride (0.14 mL, 1.32mmol) was added and additionally stirred for 2 h more at 0°C; afterwards the mixture was refluxed for 15 h. A still hot solution was filtered and an insoluble material was separated by filtration and the filtrate was concentrated by rotary evaporation. The crude material was purified by column chromatography (silica gel, hexane: dichloromethane, 3:1, v/v) to give the target 8a (white solid) and 8b (yellow solid) easily soluble in common organic solvents with the formation of colorless (8a) and yellow (8b) solutions with blue fluorescence under UV light. 
